Strong Brillouin coupling has only recently been realized in silicon using a new class of optomechanical waveguides that yield both optical and phononic confinement. Despite these major advances, appreciable Brillouin amplification has yet to be observed in silicon. Using a new membrane-suspended silicon waveguide we report large Brillouin amplification for the first time, reaching levels greater than 5 dB for modest pump powers, and demonstrate a record low (5 mW) threshold for net amplification. This work represents a crucial advance necessary to realize highperformance Brillouin lasers and amplifiers in silicon.
amplification (5.2 dB) at 60 mW powers. These results represent a 30-fold improvement in net amplification over prior systems [28] . We show that independent photonic and phononic control enables ultra-low (< 0.2 dB cm −1 ) propagation losses, strong Brillouin coupling (G B > 10 3 W −1 m −1 ), and enhanced robustness to dimensional variations; this combination of properties yield dramatically improved performance. In contrast to Ref. [6] , this all-silicon system permits dramatically reduced losses and 40-times larger nonlinear couplings. Using such strong nonlinearities, we demonstrate a unique form of cascaded-Brillouin energy transfer previously only observed in highly nonlinear micro-structured fibers [15] . Hence, in addition to new Brillouin laser technologies [13, 15, 16] , these strong Brillouin couplings open the door for nonreciprocal signal processing schemes and comb generation [15, [21] [22] [23] The Brillouin-active waveguide, of the type seen in Fig.  1a , is continuously suspended over centimeter-lengths by a series of nanoscale tethers. The active region of the suspended waveguide (Fig. 1b) is diagrammed in Fig. 1c . Light is confined to the central ridge structure through total internal reflection, which supports guidance of the low-loss TE-like guided optical mode at λ = 1550 nm (Fig. 1d) . Figure 1e shows the electrostrictive optical force distribution generated by this mode; these optical forces mediate efficient coupling to the guided phonon mode (Fig. 1f) at GHz frequencies. Confinement of this guided phonon mode is produced by the large acoustic impedance mismatch between silicon and air. Since the optical mode is confined to the central ridge, of width c, and the phonon mode extends throughout the membrane, of width a, the photon and phonon modes can be tailored independently. This independent control is used to minimize sensitivity to sidewall roughness while simultaneously maximizing photon-phonon coupling.
Co-propagating pump and Stokes waves of frequencies ω p and ω s are guided in the same TE-like optical mode and couple through parametrically generated acoustic phonons with frequency Ω B = ω p − ω s . Coupling is mediated by guided phonon modes that satisfy the phase matching con- Fig 1j- k, where K(Ω) and k(ω) are the acoustic and optical dispersion relations. In the forward scattering case, phase matching requires K(Ω B ) ∼ = (Ω B /v g ), where v g ≡ (∂ω/∂k) is the group velocity of the optical mode. Hence, phonons that mediate forward-SBS have a vanishing longitudinal wavevector. As described in Ref. [6] , a set of guided acoustic waves (or Lamb-waves) with exceedingly low (< 1 m/s) group velocities satisfy this condition. The underlying dynamics of this process are similar to that first observed in optical fibers [15] , permitting both signal amplification and cascaded energy transfer that is distinct in nature from the more widely studied backwards-SBS process [31] .
These devices are fabricated from a crystalline silicon layer through a silicon-on-insulator (SOI) fabrication process (see Methods). Scanning electron micrographs of the device cross-section and top-down view are shown in Fig.  1g and Fig. 1h -i respectively. The device consists of 80 nm × 1 µm wide ridge that sits atop a 3 µm wide, 160 nm thick silicon membrane. Each suspended region (seen in Fig. 1i ) is supported by symmetrically placed nanoscale tethers spaced every 50 µm along the waveguide length; this design enables robust fabrication of several centimeter long Brillouin-active waveguides. Note that the supporting tethers have negligible contribution to the optical losses; linear propagation losses were measured to be 0.18 ± 0.02 dB cm −1 through cutback measurements. (See Supplementary Section S2.) Such ultra-low losses contrasts sharply with Ref. [6] , where N-H bonds in the SiN layer produced excess absorption. In what follows, we examine Brillouin interactions in a 2.9 cm long continuously suspended Brillouin active device.
Direct measurements of the Brillouin gain were performed using the apparatus of Fig. 2a . Bright pumpand weak probe-beams are synthesized from the same continuous-wave laser using an intensity modulator and band-pass filter. At the device output, the magnitude of probe signal is measured as an RF beat-note. The probe- beam is swept through the Brillouin resonance by varying the modulation frequency, permitting measurement of the Brillouin gain spectrum. Figures 2b.i-iii show the forward-Brillouin gain spectra for pump-wave powers of 21, 36, and 62 mW respectively. These spectra reveal a high quality-factor (Q = 680) Brillouin resonance at 4.35 GHz, demonstrating remarkable robustness to dimensional variations. Figure 2e shows the peak Brillouin gain as a function of pump power, reaching a maximum value of 6.9 dB at the highest (62 mW) pump power, The net Brillouin amplification (Fig. 2f) is obtained by subtracting the total loss (green) from the peak Brillouin gain (red) in Fig. 2c . These data reveal a peak onchip amplification of 5.2 dB at 62 mW powers; moreover, the threshold for net amplification occurs at record-low (< 5 mW) optical powers owing to the low propagation losses and large Brillouin gain coefficient of this system. Note that the total waveguide loss represents the sum of the measured linear and nonlinear waveguide losses at a given power. (See Supplementary Section S2.) Through these measurements, net amplification (5.2 dB) was limited only by the power handling of the tapered input couplers; amplification continues to grow at the highest pump powers (62 mW). Hence, further amplification is clearly achievable with improved input coupler designs.
Such large nonlinear couplings also enable cascaded forward-Brillouin energy transfer. This interaction, previously only observed in highly nonlinear micro-structured fibers [15] , is quantified by injecting two drive fields at frequencies ω 0 and ω 1 into the Brillouin-active waveguide using the apparatus in Fig. 3a . Nonlinear coupling between these equal intensity drive fields, with frequency separation Ω B , produce resonant phonon-mediated energy transfer (sketched in the top panel of Fig. 3a ). Heterodyne spectral analysis is used to quantify cascaded energy transfer to successive Stokes and anti-Stokes orders, of frequencies {ω l }, at the device output; three characteristic spectra are shown in Fig. 3b-d , corresponding to injected powers P = P 0 = P 1 of 0.1 mW, 13 mW and 32 mW respectively. These data reveal 62% power transfer from l = 1 to l = {−2, −1, 0, +2, +3} orders through strong light driven acousto-optic energy transfer.
This cascading process is unique to forward Brillouin scattering; through this process the cascaded optical fields coherently drive the same phonon field producing successive parametric frequency shifts [15] . The relevant figure of merit for cascaded energy transfer is the power-gain-length product ξ, which is defined as ξ
Here, L eff is the effective interaction length taking into account nonlinear loss (see Supplementary Section S2). At the highest tested power, this device admits a normalized propagation length ξ = 0.71. As seen from both experiment and theory in Fig. 3c , this system approaches maximal depletion of the ω 1 drive-field, resulting in significant energy transfer to higher order Stokes and anti-Stokes orders. This process is a basis for wideband nonreciprocal energy transfer, comb generation, and waveform synthesis [15] .
More generally, new silicon-based Brillouin laser and amplifier technologies hinge upon the relative strength of Brillouin coupling and linear/nonlinear losses. In this regard, the planar waveguide topology offers several advantages over nanowire systems. Greatly reduced sensitivity of this optical mode to lithographic sidewall roughness permits ultra-low (0.18 ± 0.02 dB cm −1 ) propagation losses [32, 33] , enabling interaction lengths of 25 cm, more than an order of magnitude larger than prior systems [6, 7, 28] . In addition, this same waveguide geometry drastically shortens the effective free-carrier lifetimes (∼ 2 ns) relative to bulk (> 10 ns) through rapid in-plane diffusion of carriers [34] . (See Supplementary Sections S3-4.) Short free carrier lifetimes, combined with a reduced two-photon absorption coefficient, result in 15-times lower nonlinear losses than the nanowire systems analyzed in Ref. [30] . Together these properties yield an unprecedented Brillouin gain figure of merit of F = 5.2 [30] . Hence, this unique hybrid photonic-phononic waveguide design represents a significant advance over prior silicon nanowire waveguide systems. Moreover, this improved figure of merit suggests significant opportunity for high-efficiency Brillouin amplification and cascaded energy transfer [30] .
Thus far, we have focused on individual Brillouin-active waveguides of 2.9 cm length, and the injected optical powers have been limited to ∼ 60 mW by the input coupling method. With high power input couplers, this waveguide geometry readily supports guided powers of 150 mW [12] . Furthermore, low propagation losses permit exceptionally large (25 cm) propagation lengths. Taking nonlinear losses into account, these conditions would enable 30 dB of amplification over a 20 cm waveguide length; a cascaded en-ergy transfer figure of merit of ξ ∼ = 3.8 is also achieved under these conditions, corresponding to efficient energy transfer to more than 20 comb lines. However, this level of performance is only possible if inhomogeneous broadending does not diminish the Brillouin gain for increasing device lengths [6, 7, 28] .
To explore the impact of inhomogeneous broadening on Brillouin gain, we fabricated devices with lengths ranging from 500 microns to 2.9 cm. (See Supplementary Section S7.) The shortest waveguide lengths reveal gains of G B = 1840 ± 130 W −1 m −1 ; this increased gain is consistent with measured higher effective phononic Q-factors (Q ∼ = 1019 ± 59). As lengths are increased (L = 0.5, 2.5, 5 and 29 mm) the Q-factor and gain monatonically decrease in a manner consistent with inhomogeneous broadening. Note however, the majority of dimensionally induced broadening occurs over the first 5 milimeters. Only a marginal (15%) increase in linewidth is seen for a 6-fold increase in length (i.e., from 0.5 cm to 2.9 cm), demonstrating a greatly improved net Brillouin amplification with increasing device length.
These results contrast sharply with recent studies of nanowire waveguides [6, 7, 28] , where inhomogeneous broadening becomes problematic as device dimensions are increased. In the membrane system, the Brillouin-active phonon mode is much more robust to dimensional variations, highlighting another advantage of independent photonic and phononic design. [7] , which explains the improved robustness and scalability of this system.
To explore the potential for higher single-pass amplification, we also fabricated Brillouin-active waveguide structures with lengths up to 8.7 cm. These structures produced reliable low-loss optical transmission. However, for lengths greater than 2.9 cm it was necessary to wrap the waveguide using a serpentine device geometry. Even for short waveguide lengths, this change in layout also altered the character of the resonance lineshape, suggesting that systematic effects (e.g., proximity effect, stress propagation, and process variations) likely play a role in excess broadening observed in these modified device designs. Hence, to approach the theoretical limits of Brillouin gain and nonlinear coupling described above, it may be necessary to implement systematic frequency compensation across fabricated devices.
While further work is required to approach the theoretical maximum of Brillouin amplification, we have shown that there is immense potential for large Brillouin amplification in silicon at near-IR wavelengths. The demonstrated Brillouin amplification (and improved figures of merit) already permits high performance Brillouin laser and signal processing technologies. For instance, the ultra low propagation losses of this waveguide geometry translate to optical cavity Q-factors of > 4 million. Using this new waveguide design, efficient and tailorable all-silicon Brillouin lasers-with thresholds approaching 10 mW-are now within reach.
In conclusion, using a new Brillouin-active waveguide system, we have demonstrated large Brillouin amplification necessary to achieve high-performance on-chip Brillouin lasers and signal processing technologies. Through independent photonic and phononic control, we have shown that a combination of ultra-low propagation losses, strong Brillouin coupling, and robustness to dimensional variations yields dramatic improvements in Brillouin performance over prior systems. Using this system, we demonstrated net amplification of over 5 dB for modest (60 mW) pump powers, and significant cascaded energy transfer. Beyond this device study, we have shown that there is in fact immense potential for flexible silicon-based Brillouin photonics at near-IR wavelengths. This combination of high nonlinearity with robust optical and acoustic performance opens the door for a wide range of hybrid silicon photonic-phononic technologies for RF and photonic signal processing [8, 12-14, 25, 27] , waveform and pulse synthesis [13, 15, 16] , optical isolators and filtering, and new light sources [21] [22] [23] .
Fabrication Methods
The silicon waveguides were written on a silicon-oninsulator chip with a 3 µm oxide layer using electron beam lithography on hydrogen silsesquioxane photoresist. Following development, a Cl 2 reactive ion etch was employed to etch the ridge waveguide structure. After a solvent cleaning step, slots were written to expose the oxide layer, again with electron beam lithography of ZEP520A photoresist and Cl 2 RIE. The device was then wet released via a 49% hydrofluoric acid etch of the oxide undercladding. The waveguide structure under test is comprised of 570 suspended segments.
Experimental Methods
Both experiments used a pump laser operating around 1550 nm. Light is coupled in and out of the waveguide through the use of grating couplers with measured coupling losses of 6.5 dB. The following abbreviations are used in the experimental diagrams: Fig. 2a : IM Mach-Zehnder intensity modulator, BC DC bias controller, BP band-pass filter, DUT device under test, PD photodetector, RFSA radio frequency spectrum analyzer. Fig. 3a : IM Mach-Zehnder intensity modulator, BC DC bias controller, AOM acousto-optic modulator, DUT device under test, PD photodetector, RFSA radio frequency spectrum analyzer.
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S2. Nonlinear Loss Model
The propagation loss in the silicon waveguide system is generally captured by the differential equation
Here ߙ is the linear loss coefficient and ߚ and ߛ are the nonlinear loss coefficients due to twophoton absorption (TPA) and TPA-induced free carrier absorption (FCA), respectively. The guided power at any position ‫,ݖ‬ ‫,)ݖ(ܲ‬ is defined through the implicit solution to this equation:
Here, c is a constant fixed by boundary conditions. ߙ was determined through cutback measurements (Plotted in Figure S1b ), and ߚ is set to the calculated value of ߚ . Linear loss is measured to be . 18 ± .02 dB/cm (ߙ = 4.1 ± .5 m -1 ). This model was fit to power-dependent transmission data for the silicon waveguide device using Mathematica to determine ߛ = 2550 ± 450 m -1 W -2 . This corresponds to a free carrier lifetime of about 2.2 ns [S4] , in excellent agreement with the lifetime estimated by the method of Section S4. Transmission data and a fit to the nonlinear loss model are plotted in Figure S1a .
The effective propagation length in this model is defined as To corroborate direct gain measurements, a heterodyne four-wave mixing (FWM) experiment diagrammed in Figure S2 was performed. This experiment is similar to that performed in Ref. [S3] . The observed lineshape is a result of interference between resonant Brillouin process and the background Kerr nonlinearity, with the normalized fitting function [S3] :
Here ߶ is a relative phase between the Brillouin and background nonlinearities, ‫ܮ‬ ௦௦ ‫ܮ/‬ ௧௧ is the ratio of Brillouin active to total device lengths, and ߛ (ଷ) = 110 m -1 W -1 is the Kerr nonlinear coefficient from section S1. Plots for devices of length 0.5 mm and 29 mm are shown in Figure   S3 . The nonlinear fit gives ܳ = 680 and ‫ܩ‬ = 1120 ± 180 m -1 W -1 for the longer device, in excellent agreement with the direct gain measurements (see Figure 2 ). Two-photon absorption creates free carriers as the fields propagate, which in turn can induce time-varying refractive index and absorption profiles as follows [S5] :
The free carrier dynamics are governed by the differential equation [S5]
where ‫)ݐ(ܴ‬ is the free carrier generation rate per unit volume produced by two-photon absorption, which can be expressed as
We consider the free carrier modulation at frequency Ω since this will affect the fields ‫ܣ‬ ଷ and ‫ܣ‬ ହ . The time modulated component of the free carrier density takes the form
where
and ‫ܣ‬ is the amplitude of either of either driving field (i.e., ‫‬ = {1,2}).
Using these results, the coupled amplitude equations for the five fields become:
Here ߛ is the complex third order nonlinear coefficient, including the effects of Kerr and associated TPA. ߛ = ܴ݁{ߛ } is the nonlinear coefficient for the four-wave mixing process.
These equations lead to a nontrivial free carrier background that depends strongly on pump and probe powers, system parameters, and free carrier lifetime ߬.
Simulated results for parameters near estimated experimental conditions are plotted atop experimentally measured data from the heterodyne four-wave mixing experiment (see Section S3) in Figure S4 . Good agreement is achieved for both probe fields with an estimated free carrier lifetime of ߬ = 2.3 ns. 
S5. Measurement of Anti-stokes Attenuation
In addition to producing amplification, the forward SBS process can also be used as a narrowband filter for light at frequency ߱ = ߱ + Ω , which can be quantified using the gain experiment of Figure dB, with a FWHM (full width at half maximum transmission) of about 7 MHz. Anti-stokes spectra and corresponding peak attenuation are plotted in Figure S5 . 
S6. Energy Transfer Model
A theoretical model for the energy transfer experiment (see Figure 3) The coupling coefficient was calculated through full acoustic and optical mode simulations from the finite-element solver COMSOL using the photoelastic tensor components for silicon (p11,p12,p44) = (-0.09,0.017,-0.051) [S7] . These equations are solved for experimental parameters and coupling rate χ calculated from a finite element simulation to determine the theoretical model for Figure 3c . The largest sensitivity is to total membrane width, though waveguide width and membrane height also play a significant role. These sensitivities are roughly an order of magnitude lower than those for nanowire designs [S8] . Variations in ridge height and offset from the membrane center play almost no role in inhomogeneous broadening of the acoustic resonance. Figure S6b plots measured quality factors for a selection of devices (total active length = 0.5mm, 2.5mm, 5mm, and 29 mm, respectively). 
S7. Sensitivity to Dimensional Variations

